The authors have developed a new artificial dental implant and evaluated it in a dog model in terms of its potential to produce: I) regeneration of junctional epithelium; II) regeneration and attachment of connective tissue.The implants were constructed from allo-teeth. We removed the cell components from the periodontal ligaments of these teeth with a detergent (1% TritonX-100); the remaining acellular periodontal ligament acted as an extracellular matrix upon which regeneration and attachment could proceed. We placed 10 of these implants in the just-extracted sites of three beagle dogs. We observed regeneration of both junctional epithelium and connective tissue at all implant sites after 3 months. The connective tissue was attached in all cases. Use of the acellular periodontal ligament as an extracellular matrix may facilitate regeneration of host periodontal ligament tissue, thus contributing to recovery of host immunological defense and long-term oral function. (Int J Artif Organs 2000; 23: 845-51) 
INTRODUCTION
Artificial dental implants are now widely used for oral functional recovery following tooth loss (1), but there are significant differences between normal teeth and conventional dental implants (2). With normal teeth, the junctional epithelium and connective tissue provide immunological defense to the enamel and cementum respectively, thus maintaining homeostasis. From the junctional epithelium of healthy teeth an exudate flows to clear plaque bacteria, while the connective tissue covers the alveolar bone, protecting it from bacterial attack (3-5). Conventional artificial dental implants fail to reproduce these productive functions, and are hence susceptible to infection and subsequent failure (2).
At present, autotransplantation is the only method through which occlusion with the periodontal ligament can be recovered, but this method is limited by the time taken to perform the transplant and the number of teeth available (6). To address this problem, we developed a new artificial implant that facilitates the regeneration of healthy host periodontal ligament.
Immunological reactions to conventional implants prevent connective tissue attachment and formation of the junctional epithelium. To suppress such reactions, our method creates cell-free peridontal ligament and conective tissue on the surface of the allo-tooth. The resultant extracellular matrix is then used as a scaffold for host tissue regeneration. This approach allows the production of implants designed to achieve autologous junctional epithelial and connective tissue regeneration.
MATERIALS AND METHODS

Implant preparation
Allo-tooth extraction Beagle dogs weighing 10 to 14 kg were used for all experiments, and all surgical procedures were performed
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From four dogs, we extracted a total of 16 second and third incisors from both lower jaws, taking special care not to damage the periodontal ligaments of the extracted teeth. Two of the 16 teeth were fixed in 10% formalin solution immediately after extraction. After decalcification, these samples were sliced in the labiolingual direction and hematoxylineosin staining performed for observation under a light microscope (Olympus BX-40, Tokyo, Japan).
Detergent processing
After a 1-h ultrasonic sterilization in physiological saline solution, the remaining 14 extracted teeth were stirred in a 1% v/v Triton X-100 (octylphenoxypolyethoxyethanol) solution for 72 h at room temperature. The teeth were again subjected to a 1-h ultrasonic sterilization in physical saline, then washed for 48 h with running water at room temperature.
Four of the remaining teeth were fixed in 10% formalin solution following the second sterilization treatment. As with those fixed immediately following extraction, the fixed samples were decalcified, sliced, and hematoxylin-eosin stained for observation under a light microscope.
Implantation test
Control allotransplantation
As a control, allo-transplantation of the second and third incisors was carried out on both lower jaws. Four incisors were extracted from a donor dog, preserved in physiological saline, and transplanted without further processing to the extraction sites in the alveolar bone of a separate recipient.
Detergent-processed allo-tooth implantation
The 10 reamining allo-teeth were detergent-processed and implanted into the extraction sites of three recipients from a separate group. The sizes of the implanted teeth matched those of the extraction sites. As there was no space between the gingiva and implants in either the control or the experimental groups, no suturing was required. Dental resin was used to fix all the implants to the neighboring teeth, and the alignment and clearance of each was adjusted to avoid contact with the antagonistic teeth of the opposing jaw.
Post-operative protocol
Solid feed was provided as usual immediately following implantation, and the animals were sacrificed 3 months after surgery with an overdose of intravenously administered Nembutal (pentobarbital sodium). Alveolar bone samples with normal healthy teeth (i.e. no implants), control allo-tooth implants, and detergent-processed allotooth implants were removed en block and fixed in 10% formalin solution. Decalcification, slicing and hematoxylineosin staining were then performed in the same manner as for the processed and unprocessed samples taken before implantation.
All experiments were carried out in accordance with the Guidelines of the Animal Experiment Committee of Kyoto University (1983).
RESULTS
Extracted teeth before detergent processing
The dentin of the extracted teeth before processing was observed to reside within the cementum and possessed a normal dental pulp cavity. Figure 1 shows a micrograph of the cervical portion of a just-extracted tooth after staining. Ligament tissue with a thickness of approximately 50% of that of a normal periodontal ligament remained on the surface of the extracted tooth on both the labial and lingual sides. Sharpey's fibers extending from the cementum were observed within the periodontal ligament, and cementoblasts were found in the regions immediately adjacent to the cementum. Figure 2 shows the histologic appearance of a tooth following detergent processing and staining. Microscopic observation revealed that the cementoblasts had been completely removed from the extracted teeth. No degradation of the periodontal ligament was recognized. The Sharpey's fibers were also sufficiently preserved after detergent processing.
Confirmation of cell removal
Implant test
All dogs remained in good condition following implantation. The implants were observed to be firmly buried in bone, with no mobility, in both the control and experimental groups. No implants were dislodged during the duration of the investigation. Figure 3 shows the alveolar bone from a control group specimen with the transplanted teeth removed, as observed by light microscopy 3 months after implantation. No connective tissue was observed between the teeth and the alveolar bone, and the normal space between the junctional epithelial and the surface of the enamel was absent. In addition, absorption of enamel, cementum and dentin was observed over the entire circumference of all 4 allo-teeth.
Control group: allotransplantation
Experimental group: detergent processing method
The micrograph shown in Figure 4 shows the alveolar bone with the implants removed en block 3 months after implantation of a detergent-processed allo-tooth. The presence of connective tissue was confirmed on all implants, as was that of cementoblasts in the regions adjacent to the cementum. Epithelial junction fiber paralleling the enamel was observed and, as is the case in normal, healthy teeth, no adhesion of this fiber to the enamel was found (Fig. 5 ). Finally, in contrast to our findings in the control group, no absorption was found over the entire circumference of the detergent-processed implants. 
DISCUSSION
Recovery of immunologic defense is essential for the long-term maintenance of oral function of dental implants. To recover this defense, regeneration of both the connective tissue and the junctional epithelim is necessary.
Under normal conditions, the intercellular space in the junctional epithelium is significantly larger than that in the oral epithelium. Within this large space, large numbers of neutrophils with vigorous phagocytic activity migrate at random, and there are large numbers of fenestrated capillaries with small fenestras. Through these small fenestras, effusion is excreted constantly and abundantly, thus preventing build-up of toxins and bacteria and maintaing homeostasis. Therefore, restoration of a healthy junctional epithelium is paramount to maintaining homeostasis of the periodontium (3-5).
The connective tissue in the periodontal ligament is responsible for joining the acellular cementum to the gingival connective tissue directly. Absence of this tissue, as is the case in traditional dental implants, implies the absence of its protective function, thus leaving the implant site susceptible to bacterial attack, infection, and subsequent failure.
Regeneration of the host's immunologic defense mechanisms first requires that the strong antigenicity of the cell components of the periodontal ligament to be overcome. Removal of these cell components is a practical way of achieving this. Moreover, since it has been shown recently that the presence of an extracellular matrix plays an important role in the transfer of signals to cells to control their proliferation, regeneration, and metabolism (7-10), preservation of the native extracellular matrix of the periodontal Fig. 3 -Allo-tooth from control group at 3 months after implantation. No regeneration or attachment of connective tissue is visible in either figure. a) Junctional epithelium (P ) is visible, but local absorption of enamel, dentin, and cementum (G ) is also apparent. The space between the junctional epithelium and remaining enamel is seen to be significantly larger than that for normal healthy teeth (+).
b) Absorption has occurred on all peripheral surfaces (G ), and osteoclasts are visible on the root surface (arrow). In contrast with a), the space between the junctional epithelium and enamel is seen to be smaller than that for a normal tooth (+). a) Magnification 40x, hematoxylin-eosin (HE) staining. b) Magnification 100x, hematoxylin-eosin (HE) staining.
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ligament may stimulate regeneration of the ligament as a whole.
In previous studies we succeded in removing the cell component from vascular grafts, and used the resultant acellular matrix as a scaffold for vascular tissue regeneration (11) . We also used an extracted atelocollagen sponge as a scaffold for regeneration of nerve tissue (12) , esophageal tissue (13, 14) and tracheal tissue (15) (16) (17) (18) (19) . The current investigation represents a first attempt to use these techniques for dental applications.
The Triton X-100 detergent used during preparation of the cell-free periodontal ligaments is non-ionic, and is currently widely used in medical applications. Common uses include inactivation of viruses in human serum and extraction of proteins. Triton X-100 has also been used recently, in the same way we used it here, to remove cells from tissue; complete removal of cell antigen, lipid, and glycosaminoglycan (GAG) has been observed (20, 21) .
The observed root-absorption and lack of periodontal ligament regeneration in the control group highlights the failure of the direct allograft method to overcome the immunologic response at the implantation site. In addition, the occurrence of infection may indicate insufficient immunologic defenses against bacterial attack. In contrast, the connective tissue and junctional epithelial regeneration and the lack of root absorption observed in the experimental group suggest that cell-component removal successfully overcomes host immunologic defense mechanisms. The absence of infection may be a direct result of the protection afforded by the regenerated connective tissue, which shields the alveolar bone from plaque bacteria attack. Regeneration of the junctional epithelium has paralleled the enamel (P ), and regeneration and attachment of connective tissue are both apparent (p o); cementoblasts (arrow) can also be seen in the regions adjacent to the cementum. No absorption is apparent over the entire implant surface. Magnification 100 x, hematoxylin-eosin (HE) staining.
Fig. 5 -Normal healthy tooth (no implant).
Connective tissue can be seen on the tooth surface (p o ), and cementoblasts are visible in the regions adjacent to the cementum (arrow). Epithelial junction fiber paralleling the enamel is also present (P ). Magnification 100 x, hematoxylin-eosin (HE) staining.
To allow time for sufficient bone regeneration, conventional auto-transplantation methods allow 2 months to elapse between extraction of the diseased tooth and placement of the implant (22) . During this time, however, the remnant periodontal ligament tissue in the extraction site is converted to bone and oral epithelial tissue (23) . Our method requires immediate insertion of the implant following removal of the pre-existing tooth. We believe that immediate implantation allows the remnant periodontal ligament at the host site to facilitate regeneration of tissue on the acellular matrix provided by the detergent-processed allo-tooth. The presence of cementoblasts 3 months post-operatively in the regions immediately adjacent to the cementum is strong evidence to support the hypothesis that the cell components of the periodontal ligament invaded the previously cell-free acellular matrix of the implant and facilitated regeneration of the periodontal ligament.
To our knowledge, no other study of periodontal ligament regeneration by this or similar methods has been documented to date. The similarity of the incisors of beagle dogs to those of humans provides encouraging support to the feasibility of using this method to treat dental defects in humans.
In conclusion, we have developed a new method for producing artificial dental implants. The method employs a Triton X-100 detergent to remove the cell components of the periodontal ligament of the allo-tooth, leaving an acellular matrix upon which regeneration of the periodontal ligament at the implant site can proceed. In vivo results from a dog model have shown that this method can induce regeneration of the junctional epithelium, and regeneration and attachment of the connective tissue of the periodontal ligament.
